In the last decades increasing evidence indicated a crucial role of the Wnt/β-catenin signaling in development of midbrain dopaminergic (mDA) neurons. Recently dysregulation of this pathway has been proposed as a novel pathomechanism leading to Parkinson's disease (PD) and some of the molecules participating to the signaling have been evaluated as potential therapeutic targets for PD. Atrial natriuretic peptide (ANP) is a cardiac-derived hormone having a critical role in cardiovascular homeostasis. ANP and its receptors (NPRs) are widely expressed in mammalian central nervous system (CNS) where they could be implicated in the regulation of neural development, synaptic transmission and information processing, as well as in neuroprotection. Until now, the effects of ANP in the CNS have been mainly ascribed to the binding and activation of NPRs. We have previously demonstrated that ANP affects the Wnt/β-catenin signaling in colorectal cancer cells through a Frizzled receptor-mediated mechanism. The purpose of this study was to investigate if ANP is able to exert neuroprotective effect on two in vitro models of PD, and if this effect could be related to activation of the Wnt/β-catenin signaling. As cellular models of DA neurons, we used the proliferating or RA-differentiated human neuroblastoma cell line SH-SY5Y. In both DA neuronlike cultures, ANP is able to positively affect the Wnt/β-catenin signaling, by inducing β-catenin stabilization and nuclear translocation. Importantly, activation of the Wnt pathway by ANP exerts neuroprotective effect when these two cellular systems were subjected to neurotoxic insult (6-OHDA) for mimicking the neurodegeneration of PD. Our data support the relevance of exogenous ANP as an innovative therapeutic molecule for midbrain, and more in general for brain diseases for which aberrant Wnt signaling seems to be involved.
INTRODUCTION
Parkinson's disease (PD) is a neurodegenerative disorder characterized by a progressive degeneration of mDA neurons in the substantia nigra (Hornykiewicz, 1975) . The progressive loss of dopamine levels underlays most of the motor symptoms associated with the disease including resting tremors, rigidity, bradykinesia and postural instability along with progressive impairment of autonomic, cognitive, and mood functions (Hirsch et al., 2013) . Until now, the exact molecular mechanisms underlying the onset of PD are still unknown, even if genetic and environmental factors, leading to neuroinflammation, oxidative stress, mitochondrial dysfunction, alteration in neurotransmitter receptors (Xu et al., 2012; Kaur et al., 2017) , seem to be possible triggers. Currently, there is no cure for PD, and treatments for this disease mostly consist in pharmacotherapy to restore striatal dopamine levels, that only temporary reduce symptoms (Olanow and Schapira, 2013) .
In this context, deepening of knowledge on molecular mechanisms underlying PD insurgence and progression is crucial for discovering innovative molecular targets useful for developing more effective therapeutic strategies. In the last years, numerous studies have been published, that aimed to identify innovative PD biomarkers, also useful as therapeutic targets, and to demonstrate the neuroprotective role of endogenous and exogenous molecules (Chen et al., 2015; Price et al., 2015; Wang et al., 2017; Zou et al., 2017) The Wnt pathway has a key role in a large part of biological processes and regulates, in the CNS, all aspects of neuronal functions including differentiation, synapse formation, neurogenesis and neuroprotection (Inestrosa and Arenas, 2010; Zhang et al., 2011; Harrison-Uy and Pleasure, 2012; Salinas, 2012) . In the last decades increasing evidence indicated a crucial role of Wnt/β-catenin signaling in the development of mDA neuron Prakash and Wurst, 2006 ) and more recently dysregulation of this pathway has been proposed as a novel pathomechanism leading to PD (L'Episcopo et al., 2012 (L'Episcopo et al., , 2013 (L'Episcopo et al., , 2014 Berwick and Harvey, 2014) . In intact midbrain, Wnt ligands, and in particular those belonging to Wnt1 class, bind to the Fzd1 and to the LRP5 or LRP6 co-receptors ("Wnt-ON" state) (L'Episcopo et al., 2014) , and this event leads to activation and membrane recruitment of the phosphoprotein Dvl. Activated Dvl inhibits the β-catenin destruction complex -through recruitment of Axin at the plasma membrane and induction of the Akt-mediated inactivation of GSK-3β via Ser9 phosphorylation (Fukumoto et al., 2001 ) -and causes β-catenin stabilization and cytosolic accumulation. Stabilized β-catenin translocates to the nucleus, where it acts as a co-activator for T-cell factor/lymphoid enhancer factor1(TCF/LEF1)-mediated transcription and regulates the expression of Wnt target genes involved in mDA neuron survival/plasticity (L'Episcopo et al., 2014) , thus maintaining the integrity of mDA neurons. β-catenin, the most important mediator of the canonical Wnt pathway (Moon et al., 2004) , can also behave as a defense molecule against oxidative stress or co-activate nuclear receptors implicated in the maintenance/protection of DA neurons (L'Episcopo et al., 2011a) . Neurotoxic agents including PD neurotoxins (6-OHDA, MPTP/MPP+), oxidative stress, aging, or growth factor deprivation can antagonize the Wnt/β-catenin signaling ("Wnt OFF" state) in DA neurons. In this state, up-regulation of active GSK-3β results in the phosphorylation and rapid degradation of β-catenin and increases DA neuron vulnerability, degeneration, and apoptosis (L'Episcopo et al., 2014) . Therefore, targeting Wnt signaling could be an effective strategy for neuroprotection/repair in PD (Parish and Arenas, 2007; L'Episcopo et al., 2011a L'Episcopo et al., , 2014 Arenas, 2014; Dai et al., 2014; Serafino et al., 2017) .
Atrial natriuretic peptide (ANP) is a 28aa peptide that belongs to a family of cardiac and vascular-derived hormones having a critical role in cardiovascular homeostasis mainly by regulating blood volume and pressure (Wilkins et al., 1997; Levin et al., 1998) . In the last decade, the new capacity demonstrated for ANP of inhibiting tumor growth both in vitro and in vivo (Vesely, 2009) has made this peptide an attractive molecule also for anticancer therapy (Vesely, 2012; Serafino and Pierimarchi, 2014) . ANP, originally identified in the heart and peripheral tissues, has been also detected in rodent and human brain (Morii et al., 1985; McKenzie et al., 1994) . ANP, as well as the other two major components of the natriuretic peptide (NP) family, the brain natriuretic peptide (BNP) and the C-type natriuretic peptide (CNP), together with their receptors (NPRs), are broadly expressed in mammalian CNS and growing evidence indicates that they could be implicated in the regulation of neural development, synaptic transmission and information processing, as well as in neuroprotection (Quirion, 1989; Cao and Yang, 2008; Prado et al., 2010; Mahinrad et al., 2016) . Interestingly, it has been reported that ANP inhibits apoptosis induced by serum deprivation in PC12 cells (Fiscus et al., 2001) and that this natriuretic peptide is able to increase TH mRNA and intracellular dopamine levels both in vitro and in vivo (Takekoshi et al., 2000; Kuribayashi et al., 2006) . It has been also shown that pre-treatment with ANP protects NG108-15 cells, a cholinergicneuron-like cell line, against nitric oxide-induced apoptosis (Cheng Chew et al., 2003) , and that this natriuretic peptide has neuroprotective effect against N-methyl-D-aspartate-induced toxicity in rat retinal neurons, probably by the activation of dopamine D1 receptors (Kuribayashi et al., 2006) . Until now, the effects of ANP and the other two NPs in the CNS have been mainly ascribed to the binding and activation of NPRs (Cao and Yang, 2008; Mahinrad et al., 2016) .
ANP is synthesized as an inactive precursor (pro-ANP) that is converted to the mature active peptide after proteolytic cleavage by the membrane-associated serine protease Corin, which extracellular region encloses the two Frizzled-like cysteine-rich domains Fzd1 and Fzd2, receptors for the Wnt signaling (Knappe et al., 2004; Chan et al., 2005) . Corin has been initially found in the heart (Yan et al., 2000) , but recent works demonstrated that, in the developing brain, it is specifically expressed on DA progenitor cells located in the floor plate, and is used as marker useful to enrich dopaminergic progenitors in studies on regenerative medicine for PD treatment (Doi et al., 2014; Kikuchi et al., 2017) . We have recently demonstrated that ANP influences the Wnt/β-catenin signaling cascade through a Frizzled receptormediated mechanism possibly relying on the direct interaction between the Wnt receptor and ANP (Serafino et al., 2012; Serafino and Pierimarchi, 2014) . In this study we investigated whether ANP is able to exert neuroprotective effect on two in vitro models of PD, and if this effect could be associated with activation of the Wnt/β-catenin pathway. Even if reliable cellular systems to study pathophysiological mechanisms of PD and to test innovative therapeutics are limited, the human neuroblastoma cell line SHSY5Y, proliferating or differentiated by retinoic acid (RA), is currently the most used in vitro models of DA neurons (Cheung et al., 2009; Lopes et al., 2010 Lopes et al., , 2017 Xie et al., 2010) . Therefore, for this study we used the SHSY5Y in basal conditions (wild type, SHSY5Ywt) or RA-differentiated (SHSY5Ydiff) as DA neuronlike cells, that were subjected to neurotoxin insult by 6-OHDA for mimicking the neurodegeneration of PD. Both cellular systems have been preliminarily characterized and compared for their phenotypical features and for susceptibility to 6-OHDA, since the current data reported in the literature about which of the two systems is the most suitable model for studying the molecular and cellular mechanisms underlying the pathophysiology of PD are conflicting (Cheung et al., 2009; Lopes et al., 2010 Lopes et al., , 2017 Xie et al., 2010) .
MATERIALS AND METHODS

Cell Cultures and Treatments
SHSY5Y cell line was obtained from the American Type Culture Collection (ATCC, Manassas, VA, United States) and was validated by the purchaser cell bank. Cells were grown as monolayer in Eagle's Minimum Essential Medium (α-MEM) plus HAM's F12 (1:1), supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS), L-glutamine (2 mM), penicillin (100 IU/ml) and streptomycin (100 µg/ml) and cell cultures were maintained at 37 • C, in a humidified atmosphere of 5% CO 2 . For passaging, cells were detached from culture flasks with 0.05% trypsin and 0.002% EDTA solution. All media and supplements for cell cultures were acquired from Hyclone (Logan, UT, United States).
For evaluating the responsiveness to Wnt signaling-affecting molecules, exponentially growing SHSY5Y (SHSY5Ywt) cells were seeded at densities ranging from 4 × 10 4 /cm 2 and 6 × 10 4 /cm 2 and cultured for 24 h prior to treatments. Cells were treated with 100 nM ANP (PeptaNova, Sandhausen, Germany), a concentration selected as the lowest effective and not toxic dose in preliminary dose-response experiments (Supplementary Figure S1 ), for times ranging from 3 to 24 h. As positive control of Wnt signaling activation, the treatment with Wnt1a 100 ng/ml (ENZO life Science) was used.
The differentiated phenotype (SHSY5Ydiff) was obtained based on protocols previously reported by other Authors (Lopes et al., 2010 (Lopes et al., , 2017 . In detail, SHSY5Y cells were seeded at density of 4 × 10 4 /cm 2 and maintained in culture for 24 h to obtain monolayer at about 75% confluence. Cells were then treated with 10 µM retinoic acid (RA) in absolute ethanol and maintained in low serum medium (1% FBS) for a total of 9 days. To replenish RA, the differentiating agent was added at day 2, day 5, and day 8 after seeding, by replacing cell culture medium with new fresh medium without detaching the cell monolayer, and at day 10 the differentiated cultures were used for the experiments or analyzed. ANP treatment on SHSY5Ydiff was performed as described above for SHSY5Ywt cells.
For mimicking the neurodegeneration of PD, SHSY5Ywt and SHSY5Ydiff cells were exposed for 24 h to 50 and 100 µM of 6-OHDA (prepared in 0.1% ascorbic acid in DMSO), respectively. These concentrations have been selected as the lowest effective doses in preliminary dose-response experiments (Supplementary Figure S2 ), in which we tested the susceptibility of the two different cellular systems to the neurotoxin, by using concentration ranging from 25 to 400 µM. For assessing the neuroprotective ability of the natriuretic peptide, SHSY5Ywt and SHSY5Ydiff cells were pre-incubated with 100 nM ANP 30 min or 24 h prior to the addition of 6-OHDA to cell cultures, and analyzed after additional 24 h for morphological changes, and cell viability, and for the expression levels of β-catenin, DA neuron specific markers and survival factors.
Evaluation of Cell Morphology, Viability and Growth, and Cell Cycle Cell morphology were analyzed by phase-contrast microscopy, using the Motic AE31 Trinocular inverted microscope (Motic Asia, Hong Kong). Cell viability was evaluated by Trypan blue dye exclusion method. Mitotic index (MI) evaluation was carried out as previously described (Serafino et al., 2012) . Quantitative evaluation of MI was done in a blinded fashion under the LEICA TCS SP5 Confocal Laser Scanning Microscopy (CLSM, Leica Instruments, Mannheim, Germany), by counting a minimum of 300 cells/sample. Results were reported as percentage of cells in mitosis. Cell viability and proliferation analyses were performed on samples in triplicate and results were reported as mean values ± SD. Cell cycle assessment was carried out by cytofluorimetric analysis of DNA content after propidium iodide (PI) staining. Total DNA content was measured using the FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ, United States)
Immunocytochemical Analysis and Confocal Microscopy (CLSM)
For confocal microscopic analyses, SHSY5Ywt or SHSY5Ydiff cells were grown or RA-differentiated on the ibiTreat µ-Slide 4 well (Ibidi GmbH, Germany, cod. 80426). Immunocytochemical analyses were performed on cells fixed with 2% paraformaldehyde (Sigma-Aldrich). After permeabilization with 0.2% Triton X-100 (Sigma-Aldrich), immunofluorescence staining was done using the primary antibodies against β-catenin, Nestin, Tubulin-β3, NeuN and TH, described in Table 1 . The specificity of each antibody has been preliminary verified by Western blot, by considering the production of a single band matched to the proper molecular weight. Primary antibodies were revealed with Alexa Fluor 488-conjugated anti-mouse or anti-rabbit IgG (Molecular Probes). Samples were analyzed by using the LEICA TCS SP5 confocal microscope.
Western Blot (WB) Analysis
After washing with ice-cold PBS, cells were lysed using a 50 mM Tris-HCl buffer at pH 8.0. Specifically, the buffer solution contained 150 mM of NaCl, 1% of NP-40, 10% of glycerol, 0.1 mM of EGTA, 0.5 mM of EDTA, 50 mM of NaF, 1 mM of Na3OV4, and a protease inhibitor cocktail (Sigma-Aldrich). Lysates were clarified by centrifugation and proteins were quantified using the Bradford reagent (Bio-Rad, Segrate, Italy). 15-20 µg of each cell extract was separated using SDS/PAGE ranging from 8 to 12%, and then transferred to nitrocellulose membrane (Hybond, Amersham GE Healthcare). Membranes were incubated for 1 h at room temperature with 5% BSA in Tris-buffered saline-Tween (TBS-T; 0.2 M Tris, 1.37 M NaCl, pH 7.6, and 0,05% Tween-20), probed with the specific antibodies reported in Table 1 . Primary antibodies were revealed with peroxidase-conjugated secondary antibody (BioRad, Richmond, CA, United States). Densitometric analysis was done using the ImageJ processing program 1 . Values, normalized to β-Actin or GAPDH, were reported as uncalibrated Optical Density (OD) 1 http://rsbweb.nih.gov/ij/ or as fold vs untreated control. Data were from at least three independent experiments and presented as the mean ± SD.
Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR)
Transcription levels of β-catenin (β-cat), LEF1 and TH genes were assessed by qPCR in untreated controls and in SHSY5Ywt cells challenged with 100 nM ANP for times ranging from 3 to 24 h. Total RNA was extracted using TRIzolTM Reagent (Invitrogen, Carlsbad, CA, United States), and treated with RNase-free DNase (Promega), according to the manufacturer's instructions. After extraction with a mix of Phenol:Chloroform:Isoamyl Alcohol (25:24:1; Invitrogen) and precipitation with ethanol, 1 µg of total RNA was reversetranscribed using random primers with ImProm II Reverse Transcription system (Promega) according to the instructions of the manufacturer. qPCR was performed with iTaq Universal SYBR Green Supermix (Bio-Rad) using 250 nM of the specific primers, by the CFX Connect Real-Time PCR Detection System (Bio-Rad). Sequences of primers used are reported in Table 2 . The amplification conditions were: 1 min at 95 • C, 40 cycles of 10 s at 95 • C and 40 s at 60 • C. Cq values were determined from the system software using 'single threshold' mode. The relative expression level for each gene were calculated from these Cqs using experimentally determined amplification efficiencies, and then normalized for the reference gene GAPDH. Results were reported as fold of induction vs untreated control. In all experiments each sample was analyzed in triplicate, and notemplate controls and no-reverse transcription controls were inserted.
Statistical Analysis
Statistical analysis was performed using the two-tailed Student's t-test, and p < 0.05 was considered as statistically significant. All data were from at least three independent experiments and presented as means ± SD.
RESULTS
Phenotypical Features of SHSY5Ywt Cells
SHSY5Y cells in basal condition (SHSY5Ywt) have been characterized for the expression and intracellular distribution not only of neuronal markers (Nestin, Tubulin-β3, NeuN) and of the DA neuron specific markers TH and Nurr1, but also of two crucial molecules participating to the Wnt/β-catenin signaling, the Fzd1 receptor and β-catenin (Figure 1 ). Confocal microscopy ( Figure 1A ) and Western blot analysis ( Figure 1B) showed that SHSY5Ywt cells expressed Tubulin-β3 and NeuN (specific for mature neurons) as well as TH and Nurr1 (specific for DA neurons), together with detectable levels of Nestin (neural Stem/Progenitor cell marker). This confirms that SHSY5Ywt cells possess the features of dopaminergic neurons and are appropriate for studying neurotoxicity or neuroprotection in experimental PD, as also reported by others (Levites et al., 2003; Cheung et al., 2009; Lopes et al., 2010 Lopes et al., , 2017 Xie et al., 2010) . Importantly, Fzd1 receptor and β-catenin are also clearly expressed ( Figure 1B) , with β-catenin that localized almost exclusively at the cell membrane ( Figure 1A , upper panels), and this indicated that SHSY5Ywt cells were potentially responsive to molecules affecting the Wnt pathway.
Setting Up and Characterization of RA-Differentiated SHSY5Y Cells (SHSY5Ydiff)
SHSY5Ydiff cells were obtained as described in Section "Materials and Methods" and schematized in Figure 2A . Even if proliferating and RA-differentiated SHSY5Y cells have long been used for studies in neuroscience as models of DA neurons, data reported in literature about which of the two systems is the most suitable model for investigating the molecular and cellular mechanisms underlying the pathophysiology of PD are often inconsistent (Cheung et al., 2009; Lopes et al., 2010 Lopes et al., , 2017 Xie et al., 2010) . For this reason, both cellular systems have been preliminarily characterized and compared for their morphological and phenotypical features (Figures 2, 3) . RA treatment for a total of 9 days gave rise to cells exhibiting neuronal differentiation with neurite outgrowth (Figure 2B ), low proliferation rate, as demonstrated by lower levels of c-Myc ( Figure 2C ), and block in G1 phase, as demonstrated by cytofluorimetric analysis ( Figure 2D ) and by higher levels of p21 ( Figure 2C ), than those recorded in the untreated SHSY5Y cells. SHSY5Ydiff cells were then compared with SHSY5Ywt for the neuronal markers (Tubulin-β3, NeuN), DA neuron specific markers (TH, Nurr1), neuronal survival factors involved in neuroprotection against oxidative stress (DJ-1 and pAkt T308 , the phosphorylated active form of AKT), and Wnt pathway related molecules (Fzd1 and β-catenin) (Figure 3 ). Confocal microscopy ( Figure 3A) and Western blot analysis (Figures 3B-D) showed that SHSY5Ydiff cells, expressed higher levels of Tubulin-β3, NeuN, TH and Nurr1 (1.32-fold, 1.23-fold, 1.25-fold, and 1.9-fold of increment, respectively), compared with SHSY5Ywt, indicating that the RA-differentiated cellular system was phenotypically more cognate to mature dopaminergic neurons than the not differentiated one. Moreover, expression levels of the survival factors DJ-1 and active (phosphorylated) AKT were also considerably increased in SHSY5Ydiff as compared with SHSY5Ywt (2.5-fold and 3.7-fold of increment, respectively) ( Figure 3C ). In both cellular systems β-catenin localized almost exclusively at the cell membrane ( Figure 3A) , while Fzd1 receptor was expressed at higher levels ( Figure 3D ) in SHSY5Ydiff compared to SHSY5Ywt (1.6-fold of increment). This indicated that SHSY5Ydiff cells could be potentially responsive to molecules affecting the Wnt pathway, similarly to SHSY5Ywt.
Assessment of Responsiveness of SHSY5Ywt and SHSY5Ydiff to Wnt Signaling-Affecting Molecules
In order to verify whether the treatment with the natriuretic peptide affected the Wnt signaling also in these cellular systems as previously demonstrated for other cells (Serafino et al., 2012; Skelton et al., 2013a,b; Vesely, 2013) , SHSY5Ywt neuroblastoma cells were treated for 24 h with ANP in a preliminary doseresponse experiment (Supplementary Figure S1) , for selecting the lowest effective and not toxic dose to be used. β-catenin nuclear translocation and the concomitant increase in its expression have been used as main markers of Wnt pathway activation. The concentration of 100 nM ANP has been selected as the lowest dose inducing nuclear β-catenin translocation (Supplementary Figure S1A) , cell proliferation arrest with a decrement of mitotic index (MI, Supplementary Figure S1B ), increased levels of total β-catenin and a concomitant decrease on β-catenin phosphorylation at T41/S45 (decreased β-catenin degradation; Supplementary Figure S1C) . The effects of 100 nM ANP on β-catenin intracellular distribution and degradation were then analyzed in time course experiments and compared with those of the Fzd1 ligand Wnt1a, that specifically triggers the Wnt pathway and has been demonstrated to exert protective effects on SHSY5Y cells . Hence, 100 ng/ml Wnt1a [concentration utilized by other Authors on SHSY5Y cells ] was used as positive control of Wnt signaling activation.
In SHSY5Ywt cells, WB analysis (Figures 4A,B) showed that ANP, similarly to Wnt1a, induces a significant increase of total β-catenin (p = 0.0098 vs untreated control), already after 3 h of treatment, and a concomitant decrease of β-catenin phosphorylation at Thr 41 (pβ-catenin Thr41 ), one of the molecular event upstream β-catenin ubiquitination and degradation by the proteasome. Moreover, the decrease of pβ-catenin correlated to an increase of GSK phosphorylation at Ser9 (pGSK-3β Ser9 ), the inactive form of this enzyme (Stambolic and Woodgett, 1994) deputed to β-catenin phosphorylation, as also recorded in Wnt1a treated cells. CLSM observation (Figure 4C) showed that ANP also caused a redistribution of β-catenin from cell-cell junction sites to cytoplasmic and nuclear compartments, between 6 and 24 h of treatment. Taken together, these results indicate that, in SHSY5Ywt cells, ANP positively affects the Wnt signaling by inducing β-catenin stabilization and nuclear translocation. This is further supported by the up-regulation of the Wntsignaling dependent transcriptional factor LEF 1, as measured FIGURE 2 | Phenotypical characterization of RA-differentiated SHSY5Y cells (SHSY5Ydiff). (A) Resuming scheme of the protocol used for the RA-induced differentiation of SHSY5Y cells. SHSY5Ydiff cells were obtained through a 9-days differentiation process. Cells were seeded at a density of 4 × 10 4 cells/cm 2 , and after 24 h (day 2), when the confluence of the monolayer was about 75%, were subjected to the 1st pulse with 10 µM RA, by replacing the culture medium with fresh medium containing RA and low serum (1% FBS). The 2nd and the 3rd pulses were performed at day 5 and 8, respectively, by replacing the medium to replenish RA, and at day 10 cells were analyzed or used for the experiments. by RT-qPCR analysis after 24 h of ANP treatment, when a significant increase of transcription of the Nurr1-regulated gene TH was also recorded (Figure 4D) . Conversely, at 3 and 6 h of ANP treatment, β-catenin mRNA resulted unmodified or downregulated (Figure 4D) , indicating that the high levels of the total protein concomitantly recorded by WB (Figures 4A,B) were actually due to a reduction of β-catenin degradation induced by the natriuretic peptide, rather than to a decrease transcription of β-catenin gene.
SHSY5Ydiff cells were also responsive to treatment with 100 nM ANP, as demonstrate by the β-catenin cytoplasmic accumulation and nuclear translocation observed between 6 and 24 h of treatment, similarly to what observed under treatment with the Fzd1 ligand Wnt1a (Figure 5 ).
Assessment of 6-OHDA Toxicity on SHSY5Ywt and SHSY5Ydiff Cells
In order to establish the optimal concentration of 6-OHDA to be used in the experiments of neuroprotection, we examined, in a preliminary dose-response test, the susceptibility of both SHSY5Ywt and SHSY5Ydiff to the neurotoxin (Supplementary Figure S2) . Proliferative and RA-differentiated SHSY5Y cells were exposed to increasing concentration of 6-OHDA (25, 50, 100, Values from all densitometric analyses were normalized to β-actin or GAPDH. Significance SHSY5Ydiff vs SHSY5Ywt (Student's t-test): * p < 0.05; * * , p < 0.01; the mean ± SD; n = 3.
200, and 400 µM) for 24 h and cytotoxicity was assessed by evaluating cell survival by optical microscopy (Supplementary Figure S2A) , cell viability assay (Trypan blue dye exclusion method; (Supplementary Figure S2B) and cell cycle analysis (Supplementary Figure S2C) . The concentrations of 50 and 100 µM resulted the lowest effective doses in SHSY5Ywt and SHSY5Ydiff, respectively, that induced detachment of about 50% of cells from the adhering monolayer (Supplementary Figure S2A , red arrows), reduced cell viability by 50-60% (Supplementary Figure S2B) and produced the highest number of apoptotic/necrotic cells by flow cytometry (Supplementary Figure S2A, right panel) . The higher dose of neurotoxin selected for SHSY5Ydiff vs SHSY5Ywt cells in the dose-response experiments, demonstrated that the RA-differentiated cells obtained by our experimental conditions, were more resistant to 6-OHDA than the not differentiated phenotype. This could be in part due to the higher levels of the survival factors DJ-1 and active AKT recorded by WB in SHSY5Ydiff compared to SHSY5Ywt ( Figure 3C ).
Neuroprotective Effect of ANP against 6-OHDA Induced Cytotoxicity
Based on results from the preliminary dose-response test, SHSY5Ywt and SHSY5Ydiff were exposed to 50 and 100 µM of 6-OHDA, for times up to 24 h. To verify the ability of ANP in preventing the cytotoxicity induced by 6-OHDA, cells were pretreated with 100 nM of the natriuretic peptide, 30 min or 24 h before 6-OHDA addition to cell culture medium. Phase contrast microscopy ( Figures 6A,B) showed that 6-OHDA treatment drastically decreased the number of adhering cells and destroyed the neurite network in both proliferating and differentiated SHSY5Y cells, while exposure to ANP did not influenced cell adhesion and viability nor neurite integrity. Pre-treatments with 100 nM ANP were able to substantially prevent detachment of cells from the substrate, also partially preserving the neuritic network ( Figures 6A,B) , and significantly (p < 0.01) reduced the percentage of dead cells induced by 6-OHDA in both cellular models (Figures 6C,D) .
In SHSY5Ywt cells, WB analysis (Figure 7) showed that the challenging with 6-OHDA for 24 h dramatically decreased total β-catenin expression (p < 0.001), compared to both untreated control and ANP-treated cells (2.8-fold and 4-fold of decrement, respectively), and concomitantly increased β-catenin phosphorylation and degradation (2.2-fold and 3-fold of increment vs untreated control and ANP treated cells, respectively). Moreover, 6-OHDA significantly (p < 0.01) reduced the expression levels of the neuronal marker Tubulin-β3 and of the DA neuron specific markers TH and Nurr1 (2.4-fold, 2.6-fold, and 1.8-fold of decrement, respectively) as well as of the survival factors involved in neuroprotection against FIGURE 4 | Atrial natriuretic peptide (ANP) modifies β-catenin intracellular distribution and inhibits β-catenin degradation in SHSY5Ywt cells. (A) WB analyses of total and phosphorylated β-catenin (pβ-catenin T41/S65 ), and of total and phosphorylated GSK-3β (pGSK-3β Ser9 ) levels in total cell lysates from ANP treated SHSY5Ywt cells, compared to that from untreated control and Wnt1a treated samples; analyses were performed after 3, 6, and 24 h of treatment. (B) Results from the densitometric analysis of total and phosphorylated β-catenin and GSK-3β, performed using the ImageJ processing program [http://rsbweb.nih.gov/ij/]; values were normalized to β-actin, for total β-catenin and GSK-3β, or vs the total levels of each protein for the phosphorylated forms. Results are the mean from three independent experiments. Significance vs untreated relative control: * p < 0.05; * * p < 0.01; the mean ± SD; n = 3. (C) Confocal microscopic images showing the intracellular distribution of β-catenin in control and ANP or Wnt1a treated cells after 6 and 24 h of culture. Bar: 25 µm. (D) Effect of ANP on the transcription of β-catenin (β-cat), LEF1 and TH genes in SHSY5Ywt cells. Cells were treated with 100 nM ANP and processed for RT-qPCR analysis after 3, 6, and 24 h of treatment. Significance vs control (Ctr): * p < 0.05; * * p < 0.01; the mean ± SD; n = 3.
oxidative stress AKT/phospo-AKT and DJ-1 (2-fold/1.5-fold, and 1.7-fold of decrement, respectively). Pre-treatment with ANP, by inducing β-catenin stabilization, partially or completely restored the expression of all markers analyzed to levels near to those recorded in the untreated control at T0 (Figure 7 and Table 3 ). It is noteworthy that 24 h of treatment with ANP alone significantly up-regulated the expression levels of the survival and anti-apoptotic factor DJ-1 (Figure 7) , the product of the PARK3 gene, that has a neuroprotective role against oxidative stress and is dysfunctional or low expressed in PD patients (Bonifati et al., 2003; Canet-Aviles et al., 2004; Martinat et al., 2004; Taira et al., 2004) .
Similar results were obtained when we used as model of DA neurons the SHSY5Ydiff cells, where the effects induced on the molecular markers were assessed at 7 and 24 h of 6-OHDA treatment (Figures 8A-D) . In particular, already after 7 h of treatment, the neurotoxin was able to significantly (p < 0.001) decrease total β-catenin expression, and concomitantly increase β-catenin phosphorylation and degradation (0.7-fold and 1.24-fold of change vs untreated control, respectively) ( Figure 8B ), also reducing, between 7 h and 24 h, the DA neuron specific markers TH and Nurr-1 (Figure 8D) , while the survival factor and PD-related protein DJ-1 was not significantly modified. Differently to what recorded the proliferating model, in RA-differentiated cells the neurotoxin induces a significant increase in pAKT levels at both times examined (increment: 1.75-fold and 1.77-fold vs untreated control, at 7 and 24 h, respectively) ( Figure 8C) , and this could additionally explain the higher resistance to the neurotoxin-induced stress exhibited by the FIGURE 6 | Atrial natriuretic peptide pre-treatment prevents 6-OHDA toxicity on SHSY5Ywt and SHSY5Ydiff cells. (A,B) Phase contrast microscopy of SHSY5Ywt (A) and SHSY5Ydiff (B) cells exposed to 50 and 100 µM of 6-OHDA, respectively, for mimicking the neurodegeneration of PD. To verify the ability of ANP in preventing the 6-OHDA induced cytotoxicity, cells were pre-treated with 100 nM of the natriuretic peptide, 30 min or 24 h prior to 6-OHDA addition to cell culture medium. Original magnification: left panels: 10x; right panels: 20x. (C,D) Cell viability assay performed on SHSY5Ywt (C) and SHSY5Ydiff (D) cells after 24 h of 6-OHDA treatment by Trypan blue dye exclusion method; results, reported as percentage of live/dead cells, are mean of three independent experiments. * Significance vs untreated control (Ctr); # Significance vs 6OH-Dopa: * p < 0.05; * * p < 0.01; * * * p < 0.001; the mean ± SD; n = 3.
SHSY5Ydiff compared to SHSY5Ywt. Nevertheless, also in SHSY5Ydiff pre-treatment with ANP partially or completely reversed the neurotoxin-induced changes of the markers analyzed already after 7 h of treatment (Figure 8 and Table 3 ). In particular, at this time point, in ANP pretreated samples we recorded a significant (p < 0.001) increase in total β-catenin and a concomitant decrease in β-catenin phosphorylation and degradation, compared to cells treated with 6-OHDA alone ( Figure 8B) . A significant (p < 0.01) increase of Nurr-1 expression was also recorded at 24 h in ANP pre-treated samples. At 24 h, TH, which expression is regulated by Nurr-1 (Sakurada et al., 1999) , was also upregulated in ANP pre-treated samples vs 6-OHDA alone, even if the mean values from three independent experiments FIGURE 7 | Atrial natriuretic peptide pre-treatment reverses the neurotoxin-induced changes in β-catenin phosphorylation and degradation and in the expression of DA neuron specific markers and survival factors in SHSY5Ywt cells. WB and densitometric analysis of the expression levels of Tubulin-β3, NeuN and TH, Nurr1 (neuronal and DA neuron specific markers), DJ-1 and phospho-Akt T308 (neuronal survival factors involved in neuroprotection against oxidative stress), and total and phosphorylated β-catenin (pβ-catenin T41/S65 ,Wnt pathway related molecules), in SHSY5Ywt cells subjected to 24 h 6-OHDA challenging in absence and in presence of 30 min or 24 h pre-treatment with ANP. Values from densitometric analysis were normalized to β-actin, or vs the total levels of β-catenin or AKT for the phosphorylated forms. * Significance vs untreated control (Ctr); # Significance vs 6OH-Dopa: * p < 0.05; * * p < 0.01; * * * p < 0.001; the mean ± SD; n = 3.
were not significant (p > 0.05; Figure 8D ). Moreover, in samples pre-treated with ANP for 24 h and subjected to the neurotoxin challenging, we recorded an additional increment in AKT phosphorylation levels compared with 6-OHDA alone, and this further sustains the neuroprotective role exerted by the natriuretic peptide ( Figure 8C) . The neuroprotective efficacy of the natriuretic peptide was also recorded in both SHSY5Ywt and SHSY5Ydiff models subjected to pretreatment with ANP for 30 min, and this suggests that the molecular events that reinforce cell survival are triggered soon after its addition to culture medium (Figures 6-8 and Table 3 ). Values from densitometric analysis were normalized to β-actin, or vs the total levels of β-catenin or AKT for the phosphorylated forms. * Significance vs untreated control (Ctr); # Significance vs 6OH-Dopa: * p < 0.05; * * p < 0.01; * * * p < 0.001; the mean ± SD; n = 3.
DISCUSSION
The knowledge on the role of Wnt/β-catenin signaling in neurodegenerative diseases, and in particular in PD, is still in its infancy, and there are not any ongoing clinical studies specific on this issue, but only data concerning some preclinical therapeutic approaches, performed on cellular and animal models (Serafino et al., 2017) . The majority of papers published on this issue aim to demonstrate as the pharmacological activation of β-catenin signaling, by Wnt1 or Wnt1-like agonists or by GSK inhibitors (L'Episcopo et al., 2011a; Zhou et al., 2016) , has neuroprotective capacity against DA neuron-specific toxins or is able to prevent loss of mDA neurons in the substantia nigra and to ameliorate motor symptoms in animal models of PD (L'Episcopo et al., 2011a) . It has been very recently reported that the neuroprotective effect of the GSK inhibitors LiCl and SB216763, leading to β-catenin stabilization, is mediated by induction of the orphan nuclear receptor Nurr1 , a member of the steroid/thyroid nuclear receptor superfamily that exert different and even antagonistic functions in neuronal cells . Specifically, Nurr1 is known to have critical roles in the survival and functional maintenance of mDA neurons (Jankovic et al., 2005) , and is up-regulation by various neuroprotective agents . In the last years, numerous evidence suggests that statins, and in particular Simvastatin, are neuroprotective on in vitro models of PD and therapeutically helpful for neurological disorders, also including PD (Wolozin et al., 2007; Xu et al., 2013) . Even if the mechanisms underlying Simvastatin-induced neuroprotection are not fully understood, it has been recently demonstrated that the effect could be also mediated by up-regulation of Wnt/β-catenin signaling (Robin et al., 2014) . Up today, the preclinical data on the neuroprotective capacity of Wnt-related molecules are still limited. Nevertheless, many of the drugs that function as Wnt agonist by targeting the up-stream events of the signaling, such as Fzd receptors ligand, DKK inhibitors and GSK inhibitors, that are currently under preclinical and clinical investigation for cancer therapy, could be hypothetically candidate for developing new therapeutic approaches for PD cure as well as for other neurodegenerative diseases (Serafino et al., 2017) .
In the present work we obtained evidence, even with the implicit limitations of an in vitro study, that ANP could be a promising Wnt-targeting molecule for PD prevention/therapy. The two cellular models of DA neurons used for this study, the FIGURE 9 | Proposed model of the mechanism that mediates the neuroprotective action of ANP on PD cellular model. In intact midbrain, the balancing between Wnt-ON and Wnt-OFF in mDA is regulated by the microglial/astrocytic component, that produce and release neuroprotective molecules including Wnts, ANP and other NPs. In the in vitro model of PD, 6-OHDA antagonizes the Wnt/β-catenin signaling and shifts the balancing toward the "Wnt OFF" state, leading to the up-regulation of active GSK-3β with a consequent phosphorylation and rapid β-catenin degradation, thus increasing cell death of mDA neuron-like cells. ANP, possibly by a direct interaction with the Frizzled receptor, activates the Wnt/β-catenin signaling cascade, induces β-catenin stabilization and nuclear translocation, up-regulates the survival factors pAKT and DJ-1 and activates transcription of the DA neuron markers Nurr1 and TH, thus leading to survival and protection of mDA neurons. APC, adenomatous polyposis coli; AKT, Serine/Threonine Protein Kinase; β-TrCP, E3 ubiquitin ligase; CK1, casein kinase 1; DKK, Dickkopf; Dvl, Disheveled; GBP, GSK3-binding protein; GSK, glycogen synthase kinase; LRP, LDL receptor-related protein; P, phosphorylation; TCF/LEF1, T-cell factor/lymphoid enhancer factor1.
proliferating SHSY5Ywt and the RA-differentiated SHSY5Ydiff, expressed significant levels not only of neuronal and DA neuron specific markers, confirming that they possess the features of mature DA neurons, as previously reported by other authors (Cheung et al., 2009; Lopes et al., 2010 Lopes et al., , 2017 Xie et al., 2010) , but also of crucial molecules participating to the Wnt/β-catenin signaling, and in particular the Fzd1 receptor, indicating that they are hypothetically responsive to molecules affecting upstream events of the canonical Wnt pathway. Indeed, we show that, in both DA neuron-like models, ANP is able to positively affect the Wnt/β-catenin signaling, by inducing β-catenin stabilization and nuclear translocation, similarly and even more efficiently than the Wnt1a -used as positive control of Wnt signaling activation -and that, through this mechanism, it exerts neuroprotective effect when these two cellular systems were subjected to 6-OHDA insult for mimicking the neurodegeneration of PD. As resumed in Table 3 , in both SHSY5Ywt and SHSY5Ydiff cells pre-treatment with ANP was able to substantially attenuate the effects induced by 6-OHDA on cell integrity and survival, on DA neuron related markers and on survival factors involved in neuroprotection against oxidative stress, even if the PD-related protein DJ-1 was significantly affected only in SHSY5Ywt cells. These effects were significantly associated with β-catenin stabilization (Table 3) , and this strongly suggests that the ANP-induced neuroprotection against 6-OHDA challenging was strictly related to canonical Wnt signaling activation. The involvement of Wnt/β-catenin pathway activation in the neuroprotective ability of ANP is also sustained by the significant increment in Nurr1 expression in samples pre-treated with the natriuretic peptide before 6-OHDA challenging, recorded after 24 h of treatment in both cellular models (Table 3) . In fact, it has been very recently reported that β-catenin, after nuclear translocation, binds on the upstream promoter region of Nurr1 and increases its transcription, thus directly regulating Nurr1 gene expression .
It is noteworthy that, besides the neuroprotective ability demonstrated by the natriuretic peptide, in SHSY5Y proliferating neuroblastoma cells the effects induced by ANP on Wnt signaling caused the inhibition of proliferation, as demonstrated by the MI decrement recorded in cells treated with concentration ≥ 100 nM (Supplementary Figure S1) , as well as by the lower levels of the cell growth regulator c-Myc vs untreated control (data not shown) similarly to what we have previously demonstrated for colorectal cancer cells (Serafino et al., 2012; Serafino and Pierimarchi, 2014) . Interestingly, while in colorectal cancer cells, where the Wnt/β-catenin pathway is constitutively activated, ANP acts by inhibiting the signaling (Serafino et al., 2012) , in neuroblastoma cells, in which the pathway is basically not activated, as demonstrated by the localization of β-catenin almost exclusively at the cell membrane, the natriuretic peptide inhibits cell proliferation by functioning as a Wnt pathway activator. This is strongly supported by the up-regulation of the Wntsignaling dependent transcriptional factor LEF 1, evidenced by RT-qPCR analysis after 24 h of ANP treatment ( Figure 4D) . Thus, ANP seems to be able of acting as a Wnt agonist or antagonist, depending on the cell type and/or pathological situations, and this strongly increases the attractiveness of this natriuretic hormone as an innovative therapeutic approach in a wide range of diseases. Actually, ANP could function as a Wnt modulator capable of successfully reverting aberrant Wnt signaling in different pathological situations, by restoring the balancing between Wnt-OFF and Wnt-ON state. This could also be one of the function in the brain of endogenous ANP, that, together with the two other natriuretic peptides BNP and CNP, is widely expressed in mammalian CNS (Morii et al., 1985; McKenzie et al., 1994) , where they seem to have a role in regulating several functions including neural development and neuroprotection (Quirion, 1989; Cao and Yang, 2008; Prado et al., 2010) . It is known that the balancing between Wnt-ON and Wnt-OFF in mDA is regulated by the microglial/astrocytic component of the midbrain (L'Episcopo et al., 2011a (L'Episcopo et al., ,b,c, 2014 , and astroglial and microglial cells have been reported to produce and release ANP and the other NPs and to express functional NPRs (Prado et al., 2010) . In other words, microglial/astrocytic systems seem to be both potential sources and targets of NPs that in turn exert autocrine or paracrine actions on glial cells and on surrounding neurons. It has also been suggested that the NP-NPR system of glial cells participates in neuron-glia communication and could play important roles in the regulation of neuroinflammation and neuroprotection (Prado et al., 2010) . Our results strongly suggest that this regulatory role of ANP in the midbrain is possibly mediated not only by an interaction with the NPRs and activation of the cGMP-dependent signaling, as previously reported (Prado et al., 2010; Mahinrad et al., 2016) , but also by modulation of Wnt signaling (Figure 9) , and are encouraging for future studies aimed to deep this issue.
As it concerns the possible mechanism through which ANP triggers the Wnt/β-catenin signaling, we hypothesize that it could involve a Frizzled-related modality, as previously demonstrated for colorectal cancer cells (Serafino et al., 2012) , rather that the specific NPR (Figure 9) . The rationale for this assumption resides in the fact that, the two Frizzled-like cysteine-rich domains, Fzd1 and Fzd2, enclosed in the extracellular region of Corin, are structural domains crucial for pro-ANP processing (Knappe et al., 2004) , and this makes reasonable a direct interaction between ANP and the Frizzled receptor. Moreover, it has been reported that SHSY5Y cells did not express a functional NPR-A receptor since 100 nM ANP failed to elicit significant cyclic GMP responses (Forgeur et al., 1999) .
In this work we clearly demonstrate, for the first time, that ANP possesses neuroprotective ability on DA neurons by directly modulating the Wnt/β-catenin pathway. We purchase strong in vitro evidence that support the relevance of exogenous ANP as an innovative protective/therapeutic molecule for midbrain, and more in general for brain diseases for which aberrant Wnt signaling seems to be the leading pathomechanism. This is particularly stimulating also taking into account that human recombinant ANP (Carperitide) has been already approved by the Ministry of Health and Welfare of Japan (Saito, 2010) as a drug for treatment of heart diseases/dysfunctions and hypertension, and, de facto, it has already passed the toxicological screening for the extension of the therapeutic application of this molecule.
Even if further studies, aimed to demonstrate the neuroprotective effectiveness of this natriuretic peptide in animal models of PD, will be required, these results indicate that modulation by ANP of Wnt/β-catenin signaling in neuron cells, and in particular in mDA neurons, could be an innovative approach for PD treatment, and represent a possible starting point for future clinical applications.
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